Abstract-A microlevitation system utilizing a permanent magnet attached to a linear actuator is proposed for a purpose of micromanipulation. The air gap length between a small iron ball and a permanent magnet is adjusted to balance the magnetic force and gravity force. A piezoelectric actuator is used to control the air gap length because of its simple construction and low potential for thermal problems. A small iron ball 2.0 mm in diameter was successfully levitated about 40 m from the starting position. The time constant was within the range of 20 ms. This success should contribute to future efforts that utilize electrostatic or intermolecular forces for the noncontact suspension.
A Miniaturized Levitation System With Motion
Control Using a Piezoelectric Actuator 
I
N THE 1980s, microelectrical mechanical systems (MEMS) attracted great attention, with the result that many micromotors and sensors were fabricated and successfully operated [1] - [3] . In the next stage, smart handling tools would be indispensable in order to assemble these delicate microparts. Such noncontact manipulation is desirable both because microparts are easily broken and because contact manipulation produces fine dust that can be harmful to the environment.
Several levitation systems have already been proposed based on the above considerations [4] - [7] . These systems utilize magnetic coils for generating an attractive force. However, the magnetic coils have complicated constructions and in the microscale, the driving current can cause heat problems. Furthermore, only ferromagnetic materials can be levitated by these systems. We therefore conclude that magnetic coils are not suitable for use in micromanipulation systems.
In this paper, we propose a micromanipulation system that utilizes motion control [8] - [10] . Rather than controlling the attractive force by means of a magnetic coil, a permanent magnet was attached to a piezoelectric actuator and the air gap length between the permanent magnet and a target object is controlled. Such a system is of simple construction and the piezoelectric actuator rarely causes heat problems.
There are many attractive forces-e.g., electromagnetic force, intermolecular force, and so on-that are inversely proportional to the square of air gap length. Hence, our proposed system would be applicable to micromanipulation using various attractive forces, as well as to manipulation of microparts or cells.
The ultimate goal of this research is the manipulation of microparts in six degrees of freedom (DOFs). In advance of this goal, in this study we fabricated a microlevitation system with one DOF. In this system, a permanent magnet was moved by a piezoelectric actuator. The target object was a small iron ball 2.0 mm in diameter. The gap between a small iron ball and a permanent magnet was controlled in order to balance the gravity and magnetic force. After trial and error, we succeeded in levitating a microobject using motion control.
II. PRINCIPLES AND CONSTRUCTION
As a fundamental experiment, a 1-DOF levitation system is investigated in this paper. The active control direction was parallel to the direction of gravity, i.e., the -direction. A small iron ball was selected as a target object for the levitation experiment. The orthogonal -and -directions are passively stable without control since a spherical shaped levitated object has reluctance centering.
By controlling the gap so as to balance the gravity and the magnetic force, the small iron ball can be actively levitated. When the gap is smaller than the target gap, the magnetic force exceeds that of the gravity. The attractive magnetic force will then make the gap increasingly small. If no control is taken to prevent it, the iron ball will attach to the permanent magnet. To prevent this, the position of the permanent magnet may be actively controlled so as to enlarge the gap and reduce the attractive force. On the other hand, when the gap is larger than the target gap, the iron ball would drop since the force of gravity exceeds that of the magnetic force. In this case, the permanent magnet would be actively repositioned to shorten the gap and maintain the levitation.
The experimental system was composed of a small iron ball, a piezoelectric actuator, a permanent magnet and sensors, as shown in Fig. 1 . The iron ball had a diameter of 2.0 mm and weighed 32.8 mg. The permanent magnet was an Sm-Co magnet and was columnar with dimensions of 2.3-mm diameter and 3.0-mm length. In advance of levitation trial, the magnetic force between the magnet and the iron ball was measured by a load cell. The results are shown in Fig. 2 . These measurements confirmed that the magnetic force was inversely proportional to the square of the air gap length. The permanent magnet was attached to the tip of the piezoelectric actuator. Generally, the piezoelectric actuator generates a large output force, although the obtained displacement is typically quite small. Even with a layered-type actuator, the maximum displacement is less than 10 m. Because this value was too small for use with our present levitation system, we used an actuator that realized displacements of 250 m. This actuator was originally developed by Yano et al. [11] for use in a dot-printer and contained multilayered lead zirconate titanate (PZT) and levers to magnify the displacement. The relationship between displacement and input voltage are shown in Fig. 3 . As can be seen, the maximum displacement was about 250 m at an input voltage of 150 V. Hysteresis is known to be one of the defects of the piezoelectric actuator and was observed in the present trial. In the control model this hysteresis phenomenon was linearized and was compensated by feedback control.
To control air gap length, it is necessary to monitor the positions of the iron ball and permanent magnet. To detect these positions, a position sensing device (PSD) 1 was utilized. This device can essentially detect the position of a laser spot irradiated on the sensor surface. For the present system, however, we used the device in a different manner. An LED and the PSD were mounted facing each other. The iron ball was placed between the LED and the PSD and was irradiated by the LED. When the position of the iron ball was changed, both the shadow and irradiated area changed. The PSD detected the area of irradiated parts, so the displacement of in the -direction could be measured. In a similar fashion, the position of the permanent magnet was measured with an LED and a PSD. The schematic diagram and a photograph of the PSD for determining the position of the magnet are shown in Fig. 4 .
The levitation system had proportional derivative (PD) control with an analog circuit. The detected positions of the iron ball and 1 Hamamatsu Photonics Company Ltd., Shizuoka, Japan. permanent magnet were modified with differential modules to obtain the respective velocity values. Then each of the positions and corresponding velocity data were multiplied to feedback gains. Each gain was calculated according to the optimum regulator theory using MatLab software. The multiplied values were added and the controller outputted its voltage to the piezoelectric actuator. In the actual experiments, the feedback gains were adjusted to achieve a stable levitation. Since the position data from the PSD sensor were noisy, a low-pass filter was inserted before the output port. The fundamental resonance frequency of the piezoelectric actuator was 2.3 kHz and the time constant for the levitation was more than 10 ms, as will be shown later. Therefore, the cutoff frequency of a low-pass filter was selected to be 1.0 kHz.
III. MODEL
To analyze the stability of the proposed system, we formulate a numerical model for this system as shown in Fig. 5 . The magnetic force is inversely proportional to the square of the air gap length, a nonlinear relationship and has been linearized here for the development of a state-space models. The magnetic force is expressed as (1) where is a constant of the permanent magnet and is a gap. This relationship can be linearized as (2) where is the mass of the small ball, is the equilibrium of the gap, is a small perturbation from the equilibrium gap, and is the resulting proportional constant. A piezoelectric actuator is constructed with distributed mass and stiffness. To make a linear model, an equivalent spring stiffness , equivalent mass , and equivalent damping are determined from measurements. By attaching a small mass to the tip of the actuator, the resonance frequency was slightly changed. From this change and the original resonance frequency, the equivalent mass and the equivalent spring stiffness could be obtained. The equivalent damping could be calculated from the measured mechanical quality factor. The final important parameter in the model was the force factor, which expresses the output force per input voltage. This parameter could be determined with the measurement results of the displacement per unit voltage, as shown above in Fig. 3 and the equivalent spring stiffness value. Using the equivalent and the obtained displacement per input voltage (disp ), the force factor can be expressed as disp
Using this force factor parameter, the output force, namely the control input , can be expressed as
The measured and calculated parameters are shown in Table I . Finally, the linearized state-space model can be expressed as Fig. 6 . Although the linear model (5) was employed to obtain the feedback gains, the simulation model includes the nonlinear magnetic force relationship. Furthermore, a limitation of the actuator displacement was taken into account as 250 m. The results of this simulation model are used for the discussion of experimental results below.
IV. EXPERIMENTS AND RESULTS
The experiment was carried out as follows. First, the actuator with the permanent magnet was manually arranged in the upper position by a Z-stage. The sensor for the permanent magnet was also moved by the Z-stage. In this situation, the air gap between the iron ball and permanent magnet was sufficiently large to balance magnetic force and gravitational force. The gravitational force surpassed the magnetic force, hence, the small iron ball rested on the base. To make the air gap narrow the permanent magnet was driven to the lowest position. However, the maximum displacement of the piezoelectric actuator was 250 m, so levitation did not occur.
Next, the permanent magnet was very slowly lowered by the Z-stage. When the air gap length became smaller than the target gap, the iron ball was lifted by the magnetic force. Accordingly, the movement of the Z-stage was stopped. The PSD for the iron ball detected the lifting movement and then the essential control began. The permanent magnet was driven to the uppermost position. Thereafter, the target gap was maintained through control measures.
By monitoring the PSD output signals, it was confirmed that the iron ball was levitated successfully. The feedback gains were . The results are shown in Fig. 7 . The position of the levitated iron ball was about 40 m. The PSD sensor, which was used to detect the position of the permanent magnet, was also moved with the Z-stage. Hence, the absolute position of the permanent magnet was undetectable and only relative gap change between the iron ball and the permanent magnet was measured. From the results, it could be verified that the relative gap was kept constant. The time constant was within the range of 20 ms. For this reason, it was not required that the control cycle be particularly rapid. In this experiment, an analog circuit was used as a controller. As shown in Fig. 8 , the iron ball was held at a constant position after levitation transients decayed. The overshoot vibration of the iron ball and the permanent magnet during the levitation transient (Fig. 7) was rather large. This was attributed to an inadequate choice of feedback gains. In particular, the differential feedback gain of the iron ball was very small compared to the optimum one. Simulation results, shown in Fig. 9 , indicate that if the feedback gain were similar to the optimum one, this transient vibration would not occur. However, when the differential feedback gain was increased in the experiment, the piezoelectric actuator vibrated with high frequency. This phenomenon may have been due to the noisy signal from the PSD, as observed in Figs. 7 and 8 . It was considered that its noisy signal led to the actuator's resonance vibration that could not be cut off by a low-pass filter.
V. CONCLUSION
In this paper, a microlevitation system using motion control was proposed. The fabricated system was composed of a perma- nent magnet, a piezoelectric actuator, a small iron ball, and position sensors. The diameter of the iron ball was 2.0 mm and the weight was 32.8 mg. The piezoelectric actuator was of simple construction and was free from heat problems. A state-space model was constructed and the feedback gains were calculated by optimum regulator theory. This is the first report to describe a motion control system for micromanipulation. After trial and error, the small iron ball was successfully levitated, however, a large amplitude overshoot was observed. The differential feedback gain used for the iron ball in these experiments was much smaller than the optimum feedback gain. Since the signal-to-noise ratio of the used position sensor was not superior, a larger velocity gain resulted in failure to levitate. For a stable levitation, a superior sensing method will be necessary.
One of the advantages of the motion control system is that it can be applied to various attractive forces, such as electrostatic force or intermolecular force. A smaller system and/or a multidegrees levitation system will be studied in our future research. [9] , "A three-degrees-of-freedom mag-lev system with actuators and permanent magnet," Trans. Inst 
